Introduction
Inappropriate activation of mineralocorticoid receptor (MR) signaling pathways, in the absence of salt deprivation, promotes the development of proteinuria and tubulointerstitial fibrosis in the kidney [1] [2] [3] [4] [5] . MR-dependent changes in kidney function are thought to largely occur through non-genomic actions including generation of oxidative stress and impairments in metabolic signaling pathways in models of chronic pressure overload [1, 2, 5] . In this context, recent data highlight a role for antagonism of the MR in reducing proteinuria and kidney tubulointerstitial fibrosis, independent of changes in blood pressure [1, 2, [5] [6] [7] . It has been suggested that these blood pressure-independent anti-fibrotic effects of MR antagonism are mediated, in part, through correction of abnormalities in metabolic signaling pathways [8] .
Elevations in arterial pressure are a critical determinant of maladaptive proximal tubule structure and function over time. However, MR-mediated tubule-interstitial remodeling is also driven by oxidative stress through the enzyme complex NADPH oxidase [9] [10] [11] [12] [13] [14] [15] . Redox-sensitive serine kinases such as ribosomal S6 kinase (S6K1), a downstream target of the mammalian target of rapamycin (mTOR) [16] , promote tissue remodeling and fibrosis [17] [18] [19] . Recent work suggests that activation of mTOR/S6K1 promotes tubulointerstitial remodeling in kidney injury models such as polycystic kidney disease [19] [20] [21] . Emerging evidence suggests that strategies targeting reductions in mTOR activity improves fibrosis and proteinuria in rodent models of kidney disease [19] .
The adherens junction ␤ -catenin-N-cadherin complex is critical for maintaining proximal tubular cell (PTC) integrity [17, 22, 23] . Loss of the adherens catenincadherin complex is integral in disruption of PTC adhesion in the early stages of tubulointerstitial fibrosis [17, 22, 23] . The most extensively studied cadherin is E-cadherin which typically resides in epithelial tissue; however, recent data suggest that N-cadherin is specific to the rat PTCs and binds cytoskeletal components that provide a structural foundation for adherens junctions [22, 24] . Cadherins not only function as static structural components of adherens junctions, but also play an important role in metabolic signaling pathways [25, 26] . Recent data suggest MR antagonism improves fibrosis through restoration of the adheren ␤ -catenin-N-cadherin complex [27] .
To these points, we hypothesized that in a rodent model with excess circulating aldosterone the transgenic (TG) (mRen2)27 (Ren2) rat [14, 28] , MR blockade would improve proximal tubule structure and function independent of changes in blood pressure. We further posited that this improvement would be associated with reductions in S6K1 phosphorylation (p)/activation and oxidative stress. To evaluate the blood pressure-independent effects of MR antagonism on PTC integrity and proteinuria, we compared a very low, non-pressure-lowering dose of spironolactone (Sp) [14, 29] with that of a conventional pressure-lowering dose [30] .
Methods

Animals and Treatments
All animal procedures were approved by the University of Missouri Animal Care and Use Committees and housed in accordance with NIH guidelines. Male Ren2 (R2) and SpragueDawley (SD) littermates (6-7 weeks of age) were assigned to sham treatment (R2-C and SD-C) or randomly assigned to a timed release Sp pellet designed to deliver either 5 mg (low dose; R2-LSp) or 150 mg of Sp (conventional dose; R2-Sp) via the subcutaneous route for 21 days. The approximate doses for the low dose and conventional dose Sp treatments were 1 and 30 mg ؒ kg -1 ؒ day -1 , respectively.
Systolic Blood Pressure (SBP) and Albuminuria
Restraint conditioning was initiated before blood pressure measurements were performed as previously described [14, 30] . SBP was measured in triplicate on separate occasions throughout the day using the tail-cuff method (Harvard Systems, Student Oscillometric Recorder) prior to initiation of treatment and on days 19 or 20 and prior to sacrifice at 21 days. Urine albumin and creatinine were determined as previously described [14, 30] .
Western Blot Analysis SDS-PAGE was performed on kidney homogenates. Samples (40 g/lane) were separated and transferred to PVDF membranes. Blots were blocked with 5% BSA for 3 h and then washed briefly. Blots were incubated overnight at 4 ° C with the following primary antibodies: (p)-mTOR, (p)-S6K1, N-cadherin, and ␣ (E)-catenin (1: 1,000 dilution; BD, Inc.). After rinsing, blots were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The bands were visualized by chemiluminescence, and images were recorded using a BioRad image analysis system. The quantified proteins were normalized to the density of total protein for each sample, as determined by amido black, and performed using Quantity One software.
Immunohistochemical Quantification
Four micrometers of paraffin-embedded sections of kidney were deparaffinized in CitriSolv, rehydrated in ethanol series and Hepes buffer [30, 31] . Epitopes were retrieved (antigen retrieval) in citrate buffer pH 6 for 25 min at 95 ° C. Slides were then immediately transferred into a humidity chamber. Non-specific binding sites were blocked (5% BSA, 5% serum of the animals in which secondary antibodies were generated, 0.01% sodium azide) at room temperature for 4 h. After a gentle wash with Hepes, the sections were incubated with primary antibodies, 1: 50 goat polyclonal (p)2448-mTOR, (p)389-S6K1, megalin, Tcadherin and 1: 100 Nox2. All primary antibodies were diluted in tenfold diluted blocker. The sections were washed (3 ! 15 min) and incubated with 1: 300 Alexa flour 647 donkey antimouse, rabbit or goat corresponding with the animals that the primary antibodies were generated for 4 h. The slides were then washed (3 ! 15 min) and sections mounted with Mowiol and stored in light-tight slide boxes at 4 ° C until assessment using a bi-photon confocal microscope (Zeiss LSM, 510 MLO; Zeiss, Thornwood, N.Y., USA). 1,024 ! 1,024 pixel images were captured with an LSM imaging system under the same microscope and computer settings for all animals of four groups in each experiment. The signal intensities were measured and analyzed in similar-sized regions with MetaView.
Ultrastructural Analysis with Transmission Electron Microscopy (TEM) Methods
Kidney cortical tissue was thinly sliced and placed immediately in primary TEM fixative as previously described [14, 31] . Sections (85 nm) were stained with 5% uranyl acetate and Sato's triple-lead stain and a TEM (model JEM 1400; Joel, Ltd, Tokyo, Japan) was utilized. To maintain uniformity, we examined S-1 segments of the proximal tubules (n = 4 per group) with identifiable microvilli that were immediately adjacent to glomeruli.
Statistical Analysis
All values are expressed as mean 8 SE. Statistical analyses were performed using ANOVA with Tukey's post-hoc test for all other outcomes and t test for proximal tubule measures (Sigma Stat 3.1; Systat Software Inc., Chicago, Ill., USA).
Results
Spironolactone Treatment Improves PTC Injury
We recently reported [30] significant increases in circulating aldosterone and SBP in young (9-10 weeks of age) Ren2 rats compared to SD littermate controls. In the same investigation, low-dose Sp did not reduce SBP which decreased significantly with the conventional dose of Sp [14] . SBP is an important factor in mediating progressive kidney disease as measured by proteinuria. In this context, there were increases in proteinuria in Ren2 compared to SD controls, findings that were prevented over 3 weeks of treatment to a similar extent with both the low dose as well as a conventional dose of Sp ( fig. 1 a) .
PTC injury is characterized by release of enzymes such as N-acetyl-␤ -aminoglycosidase ( ␤ -NAG), a lysosomal enzyme marker specific to the endosomal brush border. Similar to SBP and proteinuria in Ren2 rats, there were increases in ␤ -NAG compared to SD controls. Comparable to our observed reductions in proteinuria with both doses of Sp, there were similar reductions in ␤ -NAG with both the low and conventional dose of Sp ( fig. 1 b) .
Injury to the PTC is associated with loss of the brush border endocytotic receptor megalin that is responsible for PTC reabsorption of protein. To this point, the increases in proteinuria and ␤ -NAG in Ren2 controls was associated with a parallel reduction in megalin immunostaining in Ren2 renal cortical tissue ( fig. 1 c) . Treatment with both doses of Sp improved megalin immunostaining in the Ren2 ( fig. 1 c) . Ultrastructural analysis of the PTC endosomal region with TEM corroborated the megalin findings.
Representative images ( fig. 1 d) depict reductions in the number of electron-dense lysosomes (arrows) in the Ren2 compared to SD controls, restored with both doses of Sp.
Spironolactone Treatment Improves PTC Oxidative Stress PTC injury is, in part, due to generation of excess reactive oxygen species (ROS) [1, 4, 5] by the enzyme complex NADPH oxidase [32] . PTCs have a higher endogenous capacity for NOX-dependent ROS generation than glomerular cells. In this context, there were greater increases in the NADPH oxidase subunit Nox2 and 3-nitrotyrosine (3-NT), a marker of peroxynitrite (ONOO-) formation, in the PTC Ren2 compared to SD renal tissue ( fig. 2 a,  b) . Treatment with both doses of Sp reduced Ren2 PTC Nox2 and 3-NT content to a similar extent. 
Spironolactone Treatment Reduces Activation/(p) of mTOR/S6K1
Recent data highlight that the mTOR/S6K1 pathway is redox-sensitive [16] . Contemporaneous with the increases in Nox2 and 3-NT in Ren2 cortical tissue ( fig. 2 ), there were increased levels of Ser2448 p-mTOR and Thr389 p-S6K1 on Western blot analysis and immunostaining of the PTC ( fig. 3 a, b) . The enhanced (p) of mTOR and S6K1 were significantly decreased with low-dose and conventional-dose Sp treatment. However, the conventional dose had a somewhat greater impact in reducing p-S6K1 compared to the low dose. 
Spironolactone Treatment Improves PTC Adherens Proteins
The mTOR/S6K1 pathway has specific effects on adhesion through translational regulation of adherens junctions. Recent work suggests that adhesion molecules such as cadherins have a specific role in cell signaling signal recognition as well as PTC structural integrity [24, 25] . A recently identified non-classic T-cadherin has been localized to the apical surface of PTCs in lipid rafts that functions in cell signal recognition [33, 34] . In this context, T-cadherin localized to PTCs to a greater extent than to the glomerulus on immunostaining ( fig. 4 a) . There were diminished levels of T-cadherin in Ren2 renal tissue, but levels of this adhesion molecule were normalized with both doses of Sp.
Loss of PTC adhesion and subsequent tubulointerstitial fibrosis occurs through disassociation of catenins followed by down-regulation of cadherin [35] . Ren2 renal tissue displayed reductions compared to SD controls in ␣ -(E)-catenin but not N-cadherin ( fig. 4 b) . Both doses of Sp led to increases in ␣ -(E)-catenin and N-cadherin, whereas a conventional dose of an MR antagonist significantly improved ␣ -(E)-catenin. Commensurate with abnormalities in the adherens protein catenin-cadherin complex, on ultrastructural analysis Ren2 PTCs displayed qualitative reductions in length ( ϳ 50-100 nm; n = 3) of adherens junctions compared to SD controls ( ϳ 700-1,400 nm; n = 3) ( fig. 4 c) . There were increases in length of adherens junctions (300-400 nm; n = 3 each) in Ren2 PTCs with both doses of Sp. In this context, the Ren2 displayed increases in tubulointerstitial fibrosis compared to SD controls, findings that were attenuated with both doses of Sp ( fig. 5 ) . Further, despite not reducing SBP, the low dose improved fibrosis to a greater extent than conventional dose of Sp.
Discussion
Results of this investigation support a role in PTC injury for MR signaling through the redox-sensitive mTOR/ S6K1 pathway in a young TG rat model with elevated plasma levels of aldosterone. Previous work in the Ren2, as well as the Cyp1a1-Ren2, suggests that MR antagonism leads to improvements in glomerular damage and proteinuria without reductions in SBP [7, 30] . Recent work from our group and others suggest that at early stages of kidney injury there are urine protein contributions derived from either impairments in megalin-mediated endocytosis or the degradation process in PTCs [31, 36] . A key role for PTC injury was evidenced by increases in ␤ -NAG coupled with reductions in megalin and ultrastructural evidence of loss of PTC integrity. PTC injury is further evident in Ren2 kidneys by loss of the apically expressed, glycosyl-phosphatidyl-inositol (GPI)-anchored T-cadherin and disruption in the ␣ -(E)-catenin-N-cadherin complex with tubulointerstitial fibrosis. These structural abnormalities occurred in concert with activation of oxidative stress (Nox2 and 3-NT content) and enhanced (p) of mTOR/S6K1. The finding that low-dose and conventional Sp treatment comparably reduced oxidative stress and redox-sensitive mTOR/S6K1 activation and improved PTC structural integrity supports the notion of a direct deleterious effect of MR-mediated activation of the mTOR/S6K1 pathway on PTC structure and function independent of increased blood pressure in this TG model.
Renal cortical tissue from the TG Ren2 displayed increased Nox2 and 3-NT content in concert with associated increases in (p)/activation of mTOR and S6K1 in the PTC. Recent work highlights a very specific role for mTOR as a redox-sensitive kinase in the PTC, whereby increases in Ser2448 (p) lead to downstream activation/ (p) of S6K1 at Thr389 in eliciting fibrotic pathways under agonist conditions [16, 37, 38] . It was recently reported that treatment of cultured PTCs with oxidizing compounds that induce disulfide bonds between the thiol groups of cysteines in proteins promoted Thr389 (p) of S6K1 [37] . This promotion of S6K1 (p) was mediated through mTOR kinase activation, suggesting the redoxsensitive nature of the kinase (p)/activation of S6K1 as observed in the current investigation. The regulatory role of the mTOR/S6K1 pathway in the kidney has been shown to occur through progressive processes involving PTC hypertrophy, atrophy and then development of fibrosis through disruption of the catenin-cadherin complex [20, 39] . Under basal steady-state conditions, PTCs are attached to each other through specialized junctional complexes (adherens junctions) that include molecules such as cadherins. During albumininduced injury, PTCs and other epithelial cells lose polarity and the mechanisms of adhesion through loss of cadherins [40] . A recently identified cadherin, T-cadherin, also known as H-cadherin (CDH13), is characterized by the lack of a transmembrane region, cytoplasmatic tail, and a missing conserved cell-adhesion recognition site. This suggests the cellular properties of T-cadherin in the kidney are different than the classical cadherins such as E-and N-cadherin. To this point, the C-terminus of Tcadherin is bound and localizes on defined domains of the plasma membrane, e.g. lipid rafts. Lipid rafts, in turn, are of functional importance for the polarization of epithelial cells, mainly by sorting out apical membrane proteins such as megalin.
Our finding that proximal tubule staining of T-cadherin is reduced in the Ren2, in parallel with decreased megalin expression, suggests a role for T-cadherin in PTC function. Current observations that both doses of Sp increased T-cadherin suggest a potential role for the MR in targeting T-cadherin in the proximal tubule. In this context, our data extend findings from PTC culture models in recent studies [7, 17, 20, 40, 41] to an in vivo model (e.g. the Ren2), where MR-dependent signaling through mTOR/S6K1 reduces megalin expression that occur in conjunction with loss of T-cadherin.
Current data is consistent with the notion that the classical cadherin/catenin complex is a target of the MR. Our finding that ␣ -(E)-catenin but not N-cadherin was reduced in the Ren2 compared to the SD may represent a time-dependent mechanism in disassociation of the catenin-cadherin complex [35] , and this needs to be explored in more detail in the future. Data from the heart of TG mice developing myocardial fibrosis suggest that aldosterone signaling through the MR has a specific role in eliciting disruptions in the ␤ -catenin-N-cadherin complex and fibrosis [37] . However, there is little extant data demonstrating that changes in mTOR/S6K1 (p) contribute to changes in cadherin expression in rodent models of MR activation. Our finding that a low, non-pressorrelated dose of Sp improved tubulointerstitial fibrosis along with cadherin/catenin complex integrity supports a novel role for the MR in PTCs. As disruption of catenincadherin complex may initiate tubulointerstitial fibrosis [35] , the reduction in ␣ -(E)-catenin coupled with ultrastructural observations suggest that fibrosis was initiated by disruptions in the ␣ -(E)-catenin-N-cadherin complex in this TG model. Thus, our data highlight a novel role for accentuated MR signaling in the genesis of proximal tubule-related proteinuria through the redox-sensitive (p) of mTOR/ S6K1 leading to downstream disruption of the catenincadherin complex and tubulointerstitial fibrosis. While our study did not include a direct inhibitor of Ser2448 phosphorylation of mTOR such as rapamycin or an antioxidant, to our knowledge the current data are the first to explore the blood pressure-independent actions of the MR in promotion of PTC and tubulointerstitial injury in a rodent model with elevated circulating aldosterone levels.
